An experiment was conducted to test the effect of the infection by the swimbladder nematode Anguillicola crassus on the survival of the European eel Anguilla anguilla when exposed to hypoxic conditions. Forty-four wild caught and naturally infected eels were placed in an aquarium filled with water from the fishing site (VaccarPs Lagoon, French Mediterranean coast). In this confined environment (27 l), under decreasing oxygen resources, the first eel death occurred after 45 h (O 2 = 0.98 mg l -1 ) and the last one after 96 h (O 2 = 0.48 mg l -1 ). After dissection and parasite examination, analyses revealed significant negative correlations between the time to death and various parameters of parasite pressure (e.g., number of lumen worms, parasite mass, health state of the infected organ). It was shown that the severity of damage to the swimbladder rather than the count of living parasites was the major contributing factor in explaining the variation in time to death. These semi-experimental data demonstrating an increased eel mortality rate under severe oxygen stress are discussed for their relevance under field conditions, especially during hot summer months.
Introduction
The infection of the European eel Anguilla anguilla (L.) by the invasive nematode Anguillicola crassus Kuwahara, Niimi et Itagaki, 1974 , is a problem of concern for aquaculture, fisheries and for management purposes in the wild (Moriarty and Dekker 1997, Kirk 2003) .
The parasite was accidentally introduced into European waters in the early 1980s, and has then spread throughout most of the geographical range of its new host (Neumann 1985 , Ashworth and Blanc 1997 , Kirk 2003 . While its native host, the Japanese eel Anguilla japonica, possesses effective defense mechanisms and shows little damage (Egusa 1979 , Nagasawa et al. 1994 , Knopf and Mahnke 2004 , several pathological changes have been reported in the infected organ (i.e., the swimbladder) of A. anguilla. Larvae in the swimbladder wall and adults in the swimbladder lumen cause inflammatory reactions, fibrosis and necrosis, which may result in a total degeneration of the organ and impaired functioning , Molnár 1994 , Haenen et al. 1996 , Würtz and Taraschewski 2000 . In the wild, anguillicolosis was mentioned as the main cause of successive mass eel mortalities in Lake Balaton, Hungary, in 1991 and 1992 (Molnár et al. 1991 and in the Morava River system, Czech Republic, in 1991 , 1992 , 1994 (Baruš et al. 1999 . However, further investigations highlighted the particular circumstances associated with these mass kills (e.g., presence of pyrethroids, high fish densities, exceptionally high temperatures, bacterial infections), in such a way there is currently no unambiguous field evidence for a direct effect of A. crassus on the host survival (Békési et al. 1997 , Nemcsók et al. 1999 , Kirk 2003 , Schabuss et al. 2005 .
Assessing the mortality due to parasites in the wild remains difficult because moribund or dead fish are quickly removed by predators or scavengers (Sinderman 1987, McCallum and Dobson 1995) . To overcome this problem, one solution is to experiment and monitor mortality rate under laboratory conditions. Using this approach, Molnár (1993) showed that, under low oxygen concentration, eels suffered additional mortality as a result of the infection. In the present study, a similar semi-experimental approach was conducted to confirm the results of Molnár under different water parame-ters. Demonstrating mortality is essential for developing effective management measures as mathematical models used for decisions need to incorporate this component along with other key parameters of the eel life-cycle (Moriarty and Dekker 1997, Kirk 2003) . The second objective of this study was to assess the relative contribution of various parameters of parasite pressure (parasite numbers, parasite mass, health state of the infected organ) in explaining the observed variation in the survival time.
Materials and methods
Animals came from the VaccarPs Lagoon (water surface = 6,400 ha, average water depth = 1.0 m, water salinity range in 2000 = 7.8-15.8 g l -1 , water temperature range in 2000 = 3.4-25.0°C), an important fishing location on the French Mediterranean coast (10 professional fishermen in 2000). For the purpose of long-term ichthyologic monitoring in this area (program of the Biological Station of the Tour du Valat, Arles), fish are sampled monthly at different sites around the lagoon using traditional fyke nets, set for 5 consecutive days and visited every 24 h. On the 17 November 2000 (at 14:00 h), a sample size of 44 juvenile eels A. anguilla was collected and reserved for the need of the present experiment. At the fishing site, on this day, the water parameters were as follows: salinity = 12.8 g l -1 , temperature = 10.4°C, O 2 = 2.95 mg l -1 .
Back in the laboratory, eels were immediately placed in an aquarium (inner dimensions: 63 × 53 × 53 cm) filled with water from the fishing site (volume = 27 l; water parameters as above). Live three-spined sticklebacks were added as food in the aquarium. The start of the experiment (t 0 ) was set at 16:00 h, and from that time the changes in water parameters were recorded every 2 h (temperature in °C, salinity in g l -1 , oxygen concentration in mg l -1 ). Under such experimental conditions (high fish density, low water level), eels are expected to die rapidly as a result of oxygen depletion. Throughout the experiment, freshly dead eels were removed from the aquarium and immediately examined (see below), an so until all eels had died. The period of time between t 0 and death is thereafter referred to as the time to death (in h).
The total length (TL) of each eel was recorded to the nearest 1 mm. The swimbladder was removed and macroscopically examined for the presence of A. crassus. The number of lumen worms (pre-adults and adults) was recorded. The mass of parasites per infected eel was measured to the nearest 1 mg. The condition of the swimbladder was assessed for all eels using the Swimbladder Degenerative Index (SDI, see Lefebvre et al. 2002a) . The SDI can range from 0 when no pathological signs of infection are observed to 6 in cases of severely damaged swimbladders (e.g., total fibrosis, no lumen left).
As a first approach, the time to death was individually regressed against SDI values, and various parameters describing the current infection: parasite abundance, total parasite mass, mean individual parasite mass (total parasite mass/parasite number). As an overall analysis, the eel size (TL), the parasite occurrence (presence/absence), and the above parameters (SDI, parasite abundance, total parasite mass, mean parasite mass) were simultaneously explored using the Generalized Linear Model framework (GLZ, STATISTICA 5.5) for their effects on the time to death. Parasite occurrence and SDI were entered as categorical predictors, and TL, parasite abundance, total parasite mass and mean parasite mass as continuous predictors. The time to death was fitted to a Poisson distribution using a Log-link function. The goodness of fit was checked by the ratio of the model deviance to its degrees of freedom. In case of severe deviation from unity (i.e., ratio > 2), analyses were performed using Pearson's χ 2 correction for over-dispersion. The model selection was based on the Akaike's Information Criteria (AIC), a method that provides the best description of the data using a minimum of parameters (Burnham and Anderson 1998) . In the final model, the contribution of selected parameters and their significance were checked by their χ 2 values in a Type 3 Likelihood test.
Results
The changes of the physical parameters of water throughout the experimental period is presented in Figure 1 . The oxygen concentration was the only parameter that significantly changed, with a decrease from 2.95 mg l -1 to 0.48 mg l -1 . The first eel death occurred after 45 h and the last one after 96 h. The distribution of the 44 eels according to their time to death (Fig. 2) worms. The mean total parasite mass per infected eel was 97.9 ± 49.6 mg and the mean individual parasite mass per infected eel was 3.2 ± 0.7 mg. As shown in Figure 3 , most eels had a moderately affected swimbladder (SDI values 1-3: 32/44 = 73%). Twenty five percent of eels had severe damage to their swimbladder (SDI values 4 and 5), whereas only 1 eel (2%) was found free from pathological signs in the swimbladder. Data on parasite abundance, total parasite mass and mean individual parasite mass were not normally distributed (Kolmogorov-Smirnov: D = 0.23, P < 0.05; D = 0.42, P < 0.01; D = 0.34, P < 0.01, respectively). Standard transformations (Ln x + 1), which sometimes help to normalize data and to stabilize the variance, did not result in a satisfactory improvement for parametric tests. Correlation analyses between the time to death and the various measures of infection were therefore performed using Spearman rank tests. There were significant negative correlations between the time to death and parasite abundance (R s = -0.32, n = 44, P = 0.04), total parasite mass (R s = -0.34, n = 44, P = 0.02) and SDI (R s = -0.31, n = 44; P = 0.04) but not with the mean individual parasite mass (R s = -0.29, n = 44, P = 0.06).
The model simplification procedure (deviance/df = 2.20, AIC score = 350.09, χ 2 = 45.06, P < 0.001) did not retain TL, parasite abundance, total parasite mass and mean individual parasite mass, thus suggesting that these factors have little or no effect on time to death. The most parsimonious model to adequately fit the data on the time to death is presented in Table I . The health state of the swimbladder had the greatest influence in explaining variation in time to death. Parasite occurrence, although of secondary importance, was the most informative factor among parameters of current A. crassus infection. To summarize, the relationship between the time to death and the SDI values for infected and uninfected eels is illustrated in Figure 4 . It showed that infected eels died sooner than uninfected ones (in average, 61.50 h vs 70.01 h; Mann and Whitney U-test = 142, P = 0.02). However, irrespective of the occurrence of swimbladder parasites, the time to death decreased with increasing damage to the swimbladder (Spearman rank tests across the 5 SDI values: R s = -0.80 for uninfected and R s = -0.10 for infected). 
Discussion
In the present study, using a semi-experimental design, we showed that A. anguilla severely affected by anguillicolosis died sooner when subjected to hypoxic conditions. The survival time decreased with the increasing number of A. crassus worms in the swimbladder but, above all, with the severity of damage to the swimbladder. As the degradations in the infected organ tend to accumulate over time as a result of chronic infections (Székely et al. 2005) , the SDI thus encapsulates the combined effects of past and current infections. Therefore, recording SDI probably better reflects the parasite pressure experienced by eels than does a simple count of living parasites (Lefebvre et al. 2002a) . The eel swimbladder is normally involved in two important biological processes, i.e., maintaining buoyancy and to aid in respiration (Lagler et al. 1977 , Smith et al. 1983 . Considering our experimental conditions (20 cm water depth in the aquarium), the buoyancy function of the swimbladder is unlikely to be critical for survival, and the observed variability in the time to death is probably related to individual capacity in some respiration processes. Although stressors other than hypoxia (e.g., toxic ammonia) cannot be excluded as the cause to death, it is very likely that all eels died from suffocation (i.e., deficiency of oxygen and excess of carbon dioxide in the blood and tissues). In European eels, freshly secreted gas in the swimbladder normally consists of up to 70% vol. O 2 and almost 25% vol. CO 2 (Kobayaschi et al. 1990 ). However, A. crassus was shown to destroy the gas gland cells in the epithelium of the swimbladder wall (Würtz and Taraschewski 2000) , and in the swimbladder of naturally infected individuals, the proportion of oxygen may be reduced by half (Würtz et al. 1996) . Moreover, it was also shown that A. crassus infection induces a series of physiological stress responses that overall leads to an increased metabolic rate (Sures et al. 2001 , Gollock et al. 2005 . So, in our experiment, it is probable that severely affected eels died first because of higher oxygen demand and impaired oxygen exchange between the blood and the swimbladder.
Referring to the data of Molnár (1993) , it first appears that eel survival is considerably shortened at increasing water temperatures. At 10-11°C (our experimental conditions), eels did not die before 2 days of exposure (O 2 content range: 2.95-0.48 mg l -1 ); at 20-21°C, eels died within a 10 h period (O 2 content range: 1.33-0.89 mg l -1 ) (Molnár 1993) ; and at 27-28°C, nearly all deaths occurred in the first 5 hours (O 2 content range: 2.40-1.44 mg l -1 ) (Molnár 1993) . Though the kinetic of oxygen depletion was most probably not similar between the 2 studies, these results altogether are in total accordance with a general law in animal physiology, that the critical oxygen concentration increases with increasing temperature (Schmidt-Nielsen 1997) .
In both studies, parasite-increased mortality was revealed in semi-experimental conditions, under severe depletion of dissolved oxygen (less than 3 mg l -1 ). However, such low oxygen concentrations are not unrealistic in many eel habitats (eg., lagoons, large estuaries, small ponds), where anoxic events occur regularly in the summer months. For example, in the Thau Lagoon (French Mediterranean coast), an annual survey revealed that dissolved oxygen steadily decreases from the end of the winter (9 mg l -1 ) to July (1 mg l -1 ) (De Casabianca et al. 1997) . Interestingly, in the VaccarPs Lagoon, it was shown that the average SDI values rise in the months before July, and then start to decrease again (Lefebvre et al. 2002a, b) . This pattern of healthier swimbladders following high summer temperatures was also observed in Lake Balaton (Molnár et al. 1994) and may be an indication of the mortality of the most severely affected eels in the field.
